Proton magnetic resonance spectroscopy ( 1 H MRS) neurometabolite abnormalities have been detected widely in subjects with and at risk for schizophrenia. We hypothesized that such abnormalities would be present both in patients with schizophrenia and in their unaffected twin siblings. We acquired magnetic resonance spectra (TR/TE = 3000/30 ms) at voxels in the mesial prefrontal gray matter, left prefrontal white matter and left hippocampus in 14 twin pairs discordant for schizophrenia (2 monozygotic, 12 dizygotic), 13 healthy twin pairs (4 monozygotic, 9 dizygotic) and 1 additional unaffected co-twin of a schizophrenia proband. In the mesial prefrontal gray matter voxel, N-acetylaspartate (NAA), creatine þ phosphocreatine (Cr), glycerophosphocholine þ phosphocholine (Cho) and myo-inositol (mI) did not differ significantly between patients with schizophrenia, their unaffected co-twins or healthy controls. However, glutamate (Glu) was significantly lower in patients with schizophrenia (31%, percent difference) and unaffected co-twins (21%) than in healthy controls (collapsed across twin pairs). In the left hippocampus voxel, levels of NAA (23%), Cr (22%) and Cho (36%) were higher in schizophrenia patients compared with controls. Hippocampal NAA (25%), Cr (22%) and Cho (37%) were also significantly higher in patients than in their unaffected co-twins. Region-to-region differences in metabolite levels were also notable within all three diagnosis groups. These findings suggest that 1 H MRS neurometabolite abnormalities are present not only in patients with schizophrenia, but also in their unaffected co-twins. Thus, reduced mesial prefrontal cortical Glu and elevated hippocampal NAA, Cr and Cho may represent trait markers of schizophrenia risk and, when exacerbated, state markers of schizophrenia itself.
Introduction
Twin studies have established genetic contributions to anatomical, neuropsychological and physiological abnormalities associated with schizophrenia. [1] [2] [3] Twin cohort designs involving monozygotic (MZ) and dizygotic (DZ) twin pairs discordant for schizophrenia and matched control twin pairs allow for the dissociation of genetic from shared and unique environmental contributions. As such, the design also allows for the dissociation of state from trait effects by examining the unaffected relatives of patients in relation to patients and unrelated controls.
Magnetic resonance spectroscopy (MRS) is an imaging method that allows for noninvasive in vivo quantification of metabolite concentrations in the brain. Although MRS can be performed using a variety of nuclei, only hydrogen ( 1 H) and phosphorus ( 31 P) exist in vivo in concentrations high enough for routine clinical evaluation. In this study, proton magnetic resonance spectroscopy ( 1 H MRS) was used to examine concentrations of N-acetylaspartate (NAA), glutamate (Glu), creatine þ phosphocreatine (Cr), glycerophosphocholine þ phosphocholine (Cho) and myo-inositol (mI).
Each of the 1 H MRS-detectable metabolites is thought to reflect different, though related, aspects of cell energetic or membrane physiology. In the case of NAA, although controversy remains, 4 Baslow et al. 5 has recently argued that its principal function is as an osmolyte. NAA transports the large quantities of water generated by glucose (Glc) catabolism particularly during oxidative phosphorylation in the mitochondrion out of the neuron. This maintains proper osmotic pressure across the phospholipid membrane. Consequently, NAA is indirectly linked to energy metabolism. Rather than permanent losses in neuron numbers, NAA deficits observed in many diseases may therefore represent reversible mitochondrial dysfunction. 4, [6] [7] [8] N-acetylaspartylglutamate (NAAG), closely related to NAA, contributes a small percentage to the measured NAA and Glu signals, so the presumed role of NAAG cannot be evaluated with this technique. In the visual cortex of rats, NAAG is maintained at 2% of the level of NAA, 9 and produces a much weaker singlet resonance signal 10 that is difficult to separate from the NAA signal at clinical nuclear magnetic resonance (NMR) magnetic strengths. Low extracellular Glu levels are maintained by astroglial uptake. In turn, the astrocytes convert Glu to glutamine (Gln) which is then transported back to the presynaptic neuron and reconverted to Glu. 11, 12 As many amino acids, including Glu, are also involved in intermediary metabolism and protein synthesis, it is difficult to separate their biochemical role from their transmitter role using 1 H MRS. The present results cannot separate the metabolic versus transmitter roles of Glu and NAAG, so further work is necessary to clarify.
Creatine (Cr) is also related to the energetic state of brain tissue, because the interconversion of creatine and phosphocreatine maintains an ATP 'buffer' to help meet short-term cellular energy demands. 13, 14 Finally, the cyclic sugar alcohol mI is a precursor to the phospholipid membrane component phosphatidylinositol and a substrate for the phosphoinositide second-messenger system; changes in mI levels may reflect abnormalities in membrane metabolism or in intracellular signaling mechanisms (reviewed in Irvine and Schell 15 ). Thus, levels of 1 H MRS metabolites reflect the status of multiple important functions of neurons and glial cells that may be disturbed in subjects with and at risk for schizophrenia.
Reviews of the MRS schizophrenia literature to date [16] [17] [18] [19] [20] show ample evidence of abnormalities in NAA; suggestive evidence for abnormalities in glutamate þ glutamine (Glx), Cr and choline (Cho); and scant evidence for abnormalities in mI. In particular, bilateral deficits in NAA, NAA/Cr and/or NAA/Cho in the 'dorsolateral prefrontal' region (usually middle frontal gyrus) and mesial temporal lobes (predominantly hippocampus) were detected in early work in adult schizophrenia 21 and have since become fairly accepted. Wobrock et al. 17 count a majority of studies, including the more rigorous ones, supporting these NAA deficits. Low levels of NAA in schizophrenia are thought to reflect low density or low metabolic activity of neurons, perhaps due to abnormal development or to excitotoxic damage. However, elevated neuronal density in superior frontal cortex (Brodmann area 9) and prefrontal cortex (Brodmann area 46) has been shown in post-mortem schizophrenia brain specimens. 22, 23 In addition to chronic (usually medicated) schizophrenia patients, NAA deficits have been observed in first episode, treatment-naive patients, [24] [25] [26] in schizophrenia spectrum disorder patients, 27 in schizophrenia patients' psychotic relatives, 28 in unaffected siblings of schizophrenia patients, 29 in children and adolescents diagnosed with schizophrenia 30 and in subjects at risk for schizophrenia, 31 indicating that these deficits may occur in the absence of overt symptoms. Glutamatergic models of schizophrenia (Farber et al., 32 Olney et al., 33 Jentsch et al., 51 Laruelle et al., 52 Olney et al. 53 and Goff et al.
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) have recently sharpened interest in in vivo MRS assays of Glu, Gln and their sum Glx. Various abnormalities have been reported involving these compounds in schizophrenia (reviewed in Abbott and Bustillo, 16 Wobrock et al. 17 and Stanley 34 ). Such abnormalities may signal disturbances in neurotransmission (including excitotoxicity), cell energetics or the balance between neurons and glial cells that maintains the Glu-Gln cycle. Cho findings in schizophrenia (reviewed in Wobrock et al., 17 ) are less consistent than those for NAA. Elevated Cho levels have been interpreted as supportive of the 'membrane hypothesis' of schizophrenia 35, 36 with more severe phospholipid disturbances resulting in an earlier disease onset. 37 Theberge et al. 38 found that Cho correlated positively with duration of untreated psychosis and suggested that untreated psychosis may increase membrane turnover, perhaps on account of excitotoxicity. However, Cho results may be confounded because the Cho resonance includes Cho, phosphocholine (PCh) and other trimethylamines. Published MRS findings have failed to show significant mI abnormalities in schizophrenia. 39, 40 The use of twin pairs discordant for schizophrenia permits examination of 1 H MRS metabolites in subjects identical in age and who often have undergone much of the same experiences in life. These subjects either share 100% (MZ) or on average 50% (DZ) of their genomic sequence. When one twin has developed schizophrenia and the other has not, this represents an opportunity to identify MRS metabolite measures that may signal the presence of (disease state markers) or liability for (trait markers) schizophrenia. To our knowledge, no previous study has acquired 1 H MRS in twin pairs discordant for schizophrenia. We sampled mesial prefrontal cortex (mesPFC), left prefrontal white matter (L-PFWM) and left hippocampus (L-hip), three regions readily accessible to localized MRS. As discussed above, NAA deficits have been found repeatedly in hippocampus in schizophrenia. There are scant positive reports of metabolite abnormalities in white matter [41] [42] [43] and there are multiple reports of metabolite abnormalities in mesPFC, in particular the anterior cingulate cortex. 41, [44] [45] [46] [47] [48] On the basis of the meta-analysis of MRS studies in schizophrenia by Steen et al., 20 we anticipated reduced NAA levels in mesPFC, L-PFWM and L-hip in schizophrenic subjects, and, to a lesser degree, in their unaffected co-twins. Also based on Steen et al., 20 we hypothesized increased Cho and Cr levels in the frontal lobes of schizophrenic patients compared with
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Although not yet consistently supported by MRS studies, which have shown increased levels of Glu in the mesPFC, 49 and reduced levels in anterior cingulate gyrus 46 and thalamus 50 of schizophrenia subjects compared with controls, based on the hypoglutamatergic hypothesis of schizophrenia, [51] [52] [53] we predicted a reduction in Glu in patients compared with controls.
Materials and methods

Participants
Participants were drawn from a twin cohort consisting of all same-sex twins born in Finland between 1940 and 1957 (N = 9562 pairs) identified through the Finnish national population registry. Questionnairebased classification identified 2495 MZ twins, 5378 DZ twins and 1689 twins of unknown zygosity. 54 This cohort was screened for history of hospitalization, prescription of psychotropic medicines and/or work disability due to psychiatric indication occurring in the years 1969-1991 in three national computerized databases: the Hospital Discharge Register, the Free Medicine Register and the Pension Register. 55 These searches identified 348 index twin pairs with at least one co-twin with a diagnosis of schizophrenia or schizoaffective disorder and 9214 healthy pairs with no schizophrenia diagnosis in either co-twin according to any of the three databases. After exclusions due to death or emigration, a total of 260 twins consisting of 60 (27 MZ and 33 DZ) index pairs were chosen randomly from the available index pairs (n = 229: 50 MZ, 121 DZ and 58 unknown zygosity), along with 70 (34 MZ and 36 DZ) demographically balanced healthy pairs. Index pairs in which, on direct interview, either the proband had a diagnosis of schizoaffective disorder-bipolar type, or the co-twin had a psychotic disorder diagnosis were excluded (one concordant MZ pair). Healthy pairs were excluded if there was a history of psychosis-related treatment or work disability in any of their first-degree relatives or if either co-twin was found, on direct interview, to meet diagnostic criteria for a psychotic disorder or schizotypal, paranoid or schizoid personality disorder (15 pairs: 6 MZ and 9 DZ).
Each co-twin was interviewed using the Structured Clinical Interview for DSM-III-R disorders, patient or nonpatient edition, 56 by an examiner who was blind to the zygosity and diagnostic status of the co-twin, and the twins were assigned diagnoses according to DSM-IV. 57 Co-twins and healthy individuals were also interviewed and rated on the cluster A items from the Personality Disorder Examination. 58 MRS scans were acquired on a total of 55 subjects, including 14 pairs discordant for schizophrenia (2 MZ and 12 DZ) and 13 healthy pairs (4 MZ and 9 DZ) and 1 additional unaffected co-twin of a schizophrenia proband. Data were excluded from further analysis when the voxel coordinates were not or incorrectly recorded, when a high-resolution T2-weighted magnetic resonance imaging (MRI) scan was unavailable to determine voxel tissue composition, or when a quality control exclusion criterion (spectral width (full width at half maximum, FWHM) larger than 0.1 p.p.m., signal-to-noise ratio (SNR) of less than 3 or a Cramer-Rao lower bound (CRLB) larger than 25% for Glu and larger than 20% for all other metabolites) was exceeded.
The estimated singlet line width of the LCModel fit (FWHM) was measured for each spectrum in all regions. The mean ± s.d. FWHM was 0.060 ± 0.021 p.p.m. for mesPFC, 0.063±0.032 p.p.m. for L-PFWM and 0.080 ± 0.037 p.p.m. for L-hip. No subjects were excluded based on estimated FWHM because all were less than 0.1 p.p.m.
Estimated SNR of the LCModel fit were measured for each spectrum in all regions. Subjects were excluded from analysis if SNR were less than 3. With this cutoff, one subject's mesPFC voxel and another's L-hip voxel were excluded from analysis. The mean ± s.d. SNR was 8.4 ± 2.5 for mesPFC, 8.4 ± 2.9 for L-PFWM and 5.2±2.1 for L-hip.
We used the recommended 20% CRLB cutoff 59 for all of the metabolites, except for Glu, for which we used 25%. This slightly more liberal cutoff for Glu was used because this allowed four additional subjects whose CRLB values fell above 20% and below 25% to be used in the analysis and group differences with the liberal and conservative cutoff remained largely the same. Further, although a CRLB cutoff of 25% is greater than LCModel's recommended 20%, several studies have used 25, 60, 61 30, 62,63 40 64 and 50%. 65, 66 The mean ± s.d. CRLBs in the mesPFC were 6.6 ± 1.7 for Cr, 10.7 ± 2.6 for mI, 5.7±1.4 for NAA, 14.9±4.0 for Glu and 7.7±1.9 for Cho. The CRLBs (mean ± s.d.) in the L-PFWM were 7.0 ± 1.4 for Cr, 10.6 ± 2.7 for mI, 6.4 ± 2.8 for NAA, 18.3±3.5 for Glu and 6.8±1.8 for Cho. The CRLBs (mean ± s.d.) in the L-hip were 8.4 ± 2.6 for Cr, 11.0 ± 2.9 for mI, 7.2 ± 2.1 for NAA, 16.8 ± 4.8 for Glu and 9.3±3.5 for Cho. On the basis of the CRLBs, three subjects were excluded from mesPFC mI, two subjects from L-PFWM mI and six subjects from L-hip NAA analyses because a metabolite-specific CRLB exceeded 20%.
On the basis of the combined exclusion criteria, for the L-PFWM voxel, a total of 13 subjects (5 patients, 3 co-twins, 5 controls) were excluded, either because the voxel coordinates were not recorded correctly (N = 4) or because a high-resolution T2-weighted MRI scan was unavailable to determine voxel tissue composition (N = 9). For the mesPFC voxel, a total of 14 subjects were excluded (the same as for the L-PFWM but also including 1 subject with SNR less than three). For the L-hip voxel, a total of 17 subjects were excluded; the same as for the mesPFC plus 3 additional subjects who were missing voxel coordinates.
In sum, after exclusions, data from 21 controls, 12 co-twins and 9 probands were analyzed (Table 1) . Statistical comparison of demographic data from included and excluded subjects showed differences in gender distribution (w 2 (1, N = 55) = 4.61;
Proton MRS in co-twins discordant for schizophrenia ES Lutkenhoff et al P = 0.0318). The groups did not differ in zygosity (w 2 (1, N = 55) = 2.76, P = 0.0964); age (t(53) = 1.02, P = 0.3112); duration of illness (t(12) = 0.54, P = 0.600) and illness onset age (t(12) = 1.13, P = 0.2809).
H MR spectroscopy
Proton spectra were acquired using a 3.0 Tesla scanner (GE, Milwaukee, WI, USA) at the Advanced Magnetic Imaging Centre (AMI Centre) of the Helsinki University of Technology. Three volumes of interest:
and L-hip (1.5 Â 1.5 Â 1.5 cm) were obtained for each subject. These were localized on axial T1-weighted MRI in a way that maximized gray matter (mesPFC and L-hip voxels) or white matter (L-PFWM voxel) content (Figure 1 ). More specifically, the mesPFC voxel included parts of the cingulate sulcus, cingulate gyrus, frontal pole and superior frontal gyrus; the L-PFWM voxel contained the middle frontal gyrus and superior frontal gyrus and the L-hip voxel included the hippocampus, parahippocampal gyrus, fusiform gyrus and collateral sulcus.
Automated global shimming was performed and water-suppressed spectra were acquired using a point-resolved spatially localized spectroscopy sequence (PRESS, TR = 3000 ms, TE = 30 ms, NEX = 64 for mesPFC and L-PFWM, NEX = 128 for L-hip). There were 2048 complex points and the spectral bandwidth was 2500 Hz. The GE PROBE-P sequence, which incorporates eight nonwater-suppressed excitations before the 64 water-suppressed excitations, was used so the absolute metabolite levels are normed to unsuppressed water. Metabolite concentrations were reported in arbitrary units due to estimation uncertainty of the NMR-visible water signal. Spectra ( Figure 2 ) were analyzed offline in the frequency domain using the LCModel commercial spectral-fitting package and a basis set provided by Dr Provencher. 67 The metabolites included in the LCModel basis set are: L-alanine (Ala), aspartate (Asp), creatine (Cr), g-aminobutyric acid (GABA), Glc, Gln, Glu, glycerophosphocholine (GPC), PCh, L-lactate, mI, NAA, NAAG, scyllo-inositol, taurine, creatine methylene group (-CrCH 2 ), guanidoacetate, GPC þ PCh, NAA þ NAAG, Glu þ Gln, lipids and macromolecules: Lip13a, Lip13b, Lip09, MM09, Lip20, MM20, MM12, MM14, MM17, Lip13a
Modeling Glu separately or in combination with Gln produced similar findings across regions and diagnoses. The same was true for modeling NAA separately and in combination with NAAG. Data shown reflect quantification of Glu separately and NAA separately. Choline was quantified by LCModel as GPC, PCh, and the combination of GPC and PCh (GPCPCh). On the basis of CRLBs, modeling the combination, GPCPCh, produced the most reliable data; thus, Cho quantification reflects the combination of these peaks.
Tissue segmentation was performed using FAST (FMRIB's Automated Segmentation Tool 3.51) part of 71 it is safe to assume the metabolite concentrations in CSF are close to 0 to correct for partial volume effects due to CSF and provide metabolite levels per volume of brain tissue.
The metabolite levels generated by LCModel represent met(GM þ WM), whereas the denominator of the above equation provides the volume fraction CSF correction. Statistical analyses were subsequently performed on the corrected metabolite levels.
Statistical methods
The data were analyzed using the general linear mixed model with repeated measures (Proc Mixed, SAS 8.2; SAS Institute, Cary, NC, USA) treating twin pair as a random variable and the model error terms were adjusted accordingly to correct for dependency between co-twins. Degrees of freedom were estimated from the data using the Satterthwaite option. The hypothesis that diagnosis would be associated with differences in NAA, Glu, Cr, Cho and mI was tested by modeling diagnosis (schizophrenia, unaffected cotwin, healthy control) as a fixed-effect predictor, whereas co-varying for age, sex, region of interest, percent GM and the interaction of diagnosis with region. Region of interest entered the model as a within-subject repeated-measure factor. Significant Figure 2 Sample proton magnetic resonance ( 1 H MR) spectrum acquired from left prefrontal white matter (L-PFWM) of a 56-year-old female twin with schizophrenia as fit by LCModel (Provencher, 1993 67 ).
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Results
Glutamate
The group-wise analysis of the Glu peaks revealed significant effects for diagnosis (F(2,89) = 4.09, P = 0.0201); region (F(2,89) = 16.34, P < 0.0001) and age (F(1,89) = 7.49, P = 0.0075) ( Figure 3 ; Table 2 ). The effect of age reflects greater Glu levels in older subjects. The effect of diagnosis revealed significantly greater Glu in controls than probands (t(89) = 2.55, P = 0.0328) and controls compared with co-twins (t(89) = 2.02, P = 0.0468), whereas the effect of region showed significantly greater Glu in mesPFC (t(89) = 5.47, P < 0.0001) and L-hip (t(89) = 3.98, P = 0.0004) compared with L-PFWM. Although the group by region interaction was not significant, Figure 3 Least square mean metabolite quantity (arbitrary units) ± standard error of creatine þ phosphocreatine (Cr, upper left); glutamate (Glu, upper right); glycerophosphocholine þ phosphocholine (Cho, middle left); myo-inositol (mI, middle right) and N-acetylaspartate (NAA, lower left), acquired with proton magnetic resonance spectroscopy ( 1 H MRS) from dorsal mesial prefrontal cortex (mesPFC), left prefrontal white matter (L-PFWM) and left hippocampus (L-hip) in twins with schizophrenia (proband), their unaffected co-twins (co-twin), and healthy control twin pairs (control). Overall (collapsing across regions) metabolite levels are also presented. Note significantly lower Glu in mesPFC of schizophrenia patients and their unaffected co-twins compared with controls. Also, note above normal hippocampal levels of NAA, Cr and Cho in twins with schizophrenia compared with both unaffected co-twins and controls. Significant between-diagnosis metabolite differences in post hoc head-to-head comparisons using a two-way protected t-test are denoted by an * for P < 0.05. Where the group by region interaction was not significant, further specification of the group differences within specific regions was undertaken for exploratory analysis. These metabolite differences were compared using a post hoc head-to-head two-way protected t-test and are denoted by a # for P < 0.05. further specification of the group differences within specific regions was undertaken for exploratory analysis, with the most interesting Glu differences present in the mesPFC, in which controls had significantly greater Glu than probands (t(89) = 2.75, P = 0.0073) and their unaffected co-twins (t(89) = 2.08, P = 0.0401). Moreover, when the analysis was repeated using the more conservative 20% CRLB cutoff, the group differences in Glu remained substantively the same. The only difference between the two sets of results was that in the analysis using the 20% cutoff, the group by region interaction term was not significant (but the overall group effect remained significant), indicating that patients (and to a lesser extent, co-twins) showed lower Glu levels throughout the ROIs.
NAA
The group-wise analysis showed significant effects for region (F(2, 83) = 20.94, P < 0.0001) and the diagnosis-by-region interaction (F(4, 84) = 3.32, P = 0.0142) in predicting NAA levels. The effect of region was driven by higher NAA levels in mesPFC compared with L-PFWM (t(83) = 5.18, P < 0.0001) and by higher levels in L-hip compared with L-PFWM (t(83) = 5.68, P < 0.0001). Decomposition of the diagnosis-by-region interaction showed that probands had higher L-hip NAA levels than controls (t(90) = 2.84, P = 0.0056) and their unaffected co-twins (t(86) = 3.88, P = 0.0061). With mesPFC and L-PFWM, there were no significant between-group differences in NAA. Furthermore, the control subjects had higher NAA levels in mesPFC compared with L-PFWM (t(82) = 4.49, P = 0.0007) and L-hip compared with L-PFWM (t(89) = 2.99, P = 0.0036). Probands had significantly greater NAA in L-hip compared with both mesPFC (t(83) = 2.57, P = 0.0120) and L-PFWM voxels, (t(83) = 4.79, P = 0.0002).
Creatine Group-wise analysis showed significant effects for region (F(2, 90) = 24.81, P < 0.0001) in predicting Cr levels. The region effect reflects greater Cr in L-hip compared with L-PFWM (t(90) = 6.18, P < 0.0001). Although neither the main effect of group nor the group by region interaction were significant, exploratory analysis of group differences in specific regions showed that within L-hip, Cr was significantly higher in probands compared with their unaffected co-twins (t(93) = 2.67, P = 0.0088) and controls (t(100) = 2.45, P = 0.0159), but unaffected cotwins did not differ significantly from controls.
Myo-inositol
Group-wise analysis showed significant effects for region (F(2, 88) = 19.49, P < 0.0001) in predicting mI levels. Region effects reflect greater mI in the L-hip compared with both mesPFC (t(91) = 3.14, P = 0.0065) and L-PFWM (t(86) = 6.23, P < 0.0001), and more mI in mesPFC compared with L-PFWM (t(89) = 2.88, P = 0.0135).
Choline Group-wise analysis showed significant effects for region (F(2, 106) = 7.43, P = 0.0010) and age (F(1, 106) = 4.54, P = 0.0354) in predicting Cho levels. L-hip Cho levels were larger than those in the mesPFC (t(106) = 2.54, P = 0.0332) and L-PFWM (t(106) = 3.80, P = 0.0007). The effect of age reflects greater Cho levels in older subjects. Although neither the main effect of group nor the group by region interaction were significant, exploratory analysis of group differences in specific regions showed that in the L-hip, probands had significantly greater Cho compared with both their unaffected co-twins (t(106) = 3.37, P = 0.0281) and controls (t(106) = 2.63, P = 0.0098).
Discussion
The principal findings of this study are (1) that mesPFC Glu levels are lower in both twins with schizophrenia and in their unaffected co-twins compared with in healthy controls and (2) that levels of L-hip NAA, Cr and Cho were higher in twins with schizophrenia compared with in their unaffected cotwins and controls. This pattern of findings suggests that some 1 H MRS neurometabolite abnormalities are present both in patients with schizophrenia and in their unaffected co-twins and may represent markers of genetic or shared environmental liability to the Abbreviations: Cho, phosphocholine þ glycerophosphocholine; Cr, creatine þ phosphocreatine; Glu, glutamate; mesPFC, mesial prefrontal cortex; mI, myo-inositol; L-hip, left hippocampus; L-PFWM, left prefrontal white matter; NAA, N-acetylaspartate.
disorder, whereas others are present only in patients and are therefore likely disease related. As such, mesial prefrontal cortical Glu reductions may represent markers of schizophrenia risk, whereas elevated hippocampal NAA, Cr and Cho may represent markers of schizophrenia itself.
Glutamate was reduced in twins with schizophrenia and their unaffected co-twins in mesPFC compared with controls. Our findings fortify the notion that Glu abnormalities may occur in the absence of overt schizophrenia symptoms. We can conclude that the decreased Glu levels are not due to drug effects because decreased Glu is found both in twins with schizophrenia and their nonmedicated co-twins. As many amino acids, including Glu, are also involved in intermediary metabolism and protein synthesis, it is difficult to separate their biochemical role from their transmitter role. Even though we see changes in Glu levels, one does not know how these changes relate to vesicular Glu and neurotransmission, 73 so further work is necessary to clarify. Previous studies have reported conflicting data on Glu levels in schizophrenia patients, including: increased Glu levels in left dorsolateral prefrontal cortex in first episode schizophrenia patients, 74 decreased levels of Glu and Gln in left anterior cingulate cortex of medicated patients with schizophrenia, 46 increased levels of Glu in prefrontal cortex and hippocampus of schizophrenia patients, 75 and increased Glx levels in multiple WM regions in elderly schizophrenia patients. 61 The observed reductions in Glu levels among probands are consistent with the N-methyl D-aspartate (NMDA) receptor hypofunction model of schizophrenia, which assumes decreased glutamatergic neurotransmission. However, direct measurement of Glu neurotransmission is not possible because 1 H MRS measures both metabolic and vesicular Glu. The one study that induced NMDA blockade in humans found increased Gln in the anterior cingulate. 76 Rowland et al. used 1 H MRS to measure Gln levels, thus, indirectly assessing Glu neurotransmitter release. In contrast, our results indicated less Glu across the regions of interest in both twins with schizophrenia and their unaffected co-twins compared with controls. Although it is not known if this Glu is vesicular, the net Glu levels are reduced in schizophrenia patients and their unaffected co-twins. Although we cannot measure glutamatergic neurotransmission directly, the reduction in Glu is consistent with NMDA hypofunction model.
The activity of dopamine neurons is modulated by projections involving Glu transmission from the prefrontal cortex and other areas, such as the amygdala. 52 Carlsson et al. 77 proposed a model depicting bimodal modulation of dopamine activity in the ventral tegmentum area by glutamatergic projections originating in the frontal cortex. This model provides an anatomical framework relating putative neurochemical dysregulation involved in the pathophysiology of schizophrenia, namely a deficit in Glu transmission. 52 Both probands and their co-twins show reduced Glu levels in the mesPFC, consistent with the aforementioned model. Glu functions not only as an excitatory agent in the brain, but also as a major regulator of inhibitory tone. This is achieved by Glu tonically activating NMDA receptors on GABAergic, serotonergic and noradrenergic neurons, thereby driving these neurons to inhibit the activity of major excitatory pathways (both glutamatergic and cholinergic) that convergently innervate primary neurons in neocortical and limbic brain regions. These primary neurons use Glu as a transmitter and regulate their own firing by sending a recurrent inhibitory collateral to an NMDA receptor on a GABAergic neuron that feeds back onto the primary neuron. 33 Several lines of evidence support the hypothesis that schizophrenia might be associated with a persistent dysfunction of Glu transmission involving NMDA receptors. 51, 53, [78] [79] [80] A meta-analysis of 64 studies (88% of them performed at 1.5 T) showed consistent evidence that NAA is reduced in a broad range of tissues in the schizophrenic brain, though some studies failed to show a reduction. 20 In particular, most (8 of 15) published studies of the hippocampus report a significant reduction of NAA in patients. The present findings therefore add to evidence of NAA abnormalities in schizophrenia, [16] [17] [18] [19] [20] in subjects at risk for schizophrenia, [27] [28] [29] 31 and extend them to the particular case of twin siblings. But the direction of our NAA findings (excess vs deficit) is at odds with the abovecited literature. On the basis of post hoc power calculations, Steen et al. 20 concluded that few of these prior studies were sufficiently powered to detect deficits in NAA reliably; 20 further they suggest publication bias in favor of studies that show NAA deficits as opposed to no difference with controls or an excess. If present, a local excess of NAA could reflect local energetic hypermetabolism or a local deficit in glial cell populations, leading to densification of remaining neurons. Although elevated neuronal density has not been shown in the hippocampus, it has been observed in the superior frontal cortex (Brodmann area 9) and the prefrontal cortex (Brodmann area 46) of post-mortem schizophrenia brain specimens. 22, 23 Accordingly, our excess NAA findings may reflect elevated neuronal density in the hippocampus of schizophrenia patients.
Reports of effects of schizophrenia on absolute Cr are sparse, perhaps due in part to the long-standing, tenuous assumption in spectroscopy that brain Cr remains constant across a wide range of subjects, regions and conditions. This assumption, however, has recently been challenged 81 as Cr levels, as reported in the current study, have been shown to change substantially across regions 82, 83 and pathologies. 84 For example, Buckley et al. 85 found that temporal-lobe Cr levels correlated positively with multiple measures of cognitive function, Bustillo et al. 86 found that prefrontal cortex Cr levels correlated with a measure of abnormal movement, and in a cross-sectional study Ohrmann et al. 87 observed that dorsolateral prefrontal region Cr levels decline with illness phase (chronic schizophrenia < first episode schizophrenia < control). In addition, Deicken et al. 88 found bilateral elevation of Cr in schizophrenia in the prefrontal lobes and Auer et al. 37 found elevated Cr in WM in chronic medicated schizophrenics that correlated positively with score on the Brief Psychiatric Rating Scale. Wood et al. 89 showed a significant elevation of NAA/Cr and Cho/Cr in the dorsolateral prefrontal regions of a group at ultra-high risk of developing psychosis that was interpreted as a decline in Cr indicative of hypometabolism. However, in this study the ultra-high risk subjects were not age matched to their controls and it remains possible that the reported group differences reflect increased NAA rather than decreased Cr.
Myo-inositol levels differed significantly across regions, but not across diagnoses. Sharma et al. 39 observed higher levels of mI/Cr in adults with schizophrenia than in controls. A report of abovenormal mI in left parietal WM was contradicted by another report of normal values in parietal lobes. 40 There is evidence suggesting that alterations in brain mI may be associated with psychiatric disorders such as bipolar disorder and schizophrenia, 90 but most spectroscopy studies have reported normal mI concentrations in several brain regions in schizophrenic patients. 18, 28, 91, 92 Hence, the verdict on mI abnormalities in schizophrenia awaits further study.
Common issues for all 1 H MRS studies include that most metabolite peaks reflect multiple metabolites (for example, Cho is quantified as the combination of the GPC and PCh peaks). Similarly, creatine levels reflect both phosphocreatine and unphosphorylated creatine, and some metabolites are harder to measure separately than others (for example, Glu and Gln). At 3-T field strength, however, Glu and Gln, have been reliably separated by numerous investigators, including Purdon et al., 60 Harris et al., 93 Shibuya-Tayoshi et al., 94 Shulman et al., 95 Gallinat et al., 96 and Schubert et al. 97 Given the high quality of our mesial prefrontal cortical Glu spectra (S/N = 7-9, FHWM = 0.05-0.068 p.p.m., CRLB = 14-16.4%), we believe the results accurately reflect Glu levels. As many amino acids, including Glu, are also involved in intermediary metabolism and protein synthesis, it is difficult to separate their biochemical role from their transmitter role. Even though we see changes in Glu levels, it is currently unknown whether such changes relate to vesicular or free (neurotransmission) Glu.
This study corrects metabolite levels for voxel tissue composition to address partial-volume effects that could reflect atrophy or hypertrophy of gray or white matter. In addition, we correct for CSF content to correct for partial volume effects due to CSF. Although subject age was included in the statistical analysis, the control group was not matched with the other two groups in age. Given that only two MZ discordant twin pairs were analyzed, environmental versus genetic effects on metabolite levels cannot be teased apart. Finally, a higher number of MZ twins would have greatly strengthened our ability to examine metabolite markers of schizophrenia against a constant genetic background. Bearing these limitations in mind, this study suggests that certain MRS neurometabolite abnormalities are present in the unaffected co-twins of patients with schizophrenia. In addition, the neurometabolite pattern suggests that MRS is sensitive to inherited differences in neurochemical metabolites among schizophrenia patients and their co-twins.
